We consider the design of max-SINR pulse-shaped (PS) frequency domain modulation (FDM), where signal to interference-plus-noise ratio (SINR) is defined in accordance with inter-symbol and intercarrier interference (ISI/ICI) shaping rather than complete ISI/ICI suppression. Because the transmitter is assumed to know the channel scattering function but not the channel realization, the resulting max-SINR pulses are non-(bi)orthogonal. For this case, numerical results suggest that max-SINR systems designed for ISI/ICIshaping achieve higher outage capacity than those designed for ISI/ICI-suppression. An outage capacity analysis is also used to obtain rough design guidelines for max-SINR non-(bi)orthogonal PS-FDM, since the design paradigm differs from that of (bi)orthogonal PS-FDM.
INTRODUCTION
The design of pulse-shaped (PS) frequency-domain modulation (FDM) systems for doubly-selective channels has been considered by many authors (e.g., [1] [2] [3] [4] [5] [6] [7] [8] ). These works assume a linear modulation/demodulation structure in that finite-alphabet symbols × Ð are modulated onto time-frequency translated pulses Ð´Ø µ and demodulated using inner products between the (noisy, spread) received signal and the time-frequency translated pulses Ð´Ø µ . Orthogonal systems are those with Ð´Ø µ Ð´Ø µ and Ð´Ø µ Ñ Ò´Øµ AE Ñ AE Ð Ò , while biorthogonal systems are those with Ð´Ø µ Ñ Ò´Øµ AE Ñ AE Ð Ò . (Bi)orthogonal systems have the elegant property that inter-symbol interference (ISI) and inter-carrier interference (ICI) are absent in non-dispersive environments, though they suffer from ISI/ICI when used in dispersive environments. While some authors have assumed that this interference is negligible (e.g., [5] ), appealing to the existence of an "approximate" eigen-basis for underspread channels [9] , others have investigated the design of pulse prototypes ¼ ¼´Øµ and ¼ ¼´Øµ which minimize the interference energy for a given delay/Doppler spread under (bi)orthogonality constraints (e.g., [4, 6, 7] ). (Bi)orthogonal PS-FDM systems are, however, capable of significant interference suppression only when designed with spectral efficiencies less 1 than 0.8. (See, e.g., the discussion in [7] .) The PS-FDM system proposed by the author in [11] is a significant departure from the previously cited literature in that the pulses are designed to allow ISI/ICI within a target pattern. The This work is supported in part by NSF CAREER Grant CCR-0237037. 1 A different technique, OFDM-OQAM, is said to yield good ISI/ICI suppression with unit spectral efficiency [10] . The implementation complexity of these systems is substantially greater than that of PS-FDM, however, and rises in proportional to their ISI/ICI suppression capabilities. target pattern is chosen so that the residual ISI/ICI can be resolved by a high-performance, yet low-complexity, soft interference cancellation (IC) algorithm. Pulse prototypes are then designed to minimize out-of-target ISI/ICI given knowledge of the channel fading statistics (i.e., the scattering function [12] ). Clearly, this system is non-(bi)orthogonal. Thus, [11] advocates ISI/ICI shaping rather than ISI/ICI suppression.
When ISI/ICI is permitted, many of the standard OFDM system design rules must be reconsidered. For example, it is no longer the case that the cyclic prefix length must be greater than channel delay spread. Similarly, the FDM symbol duration does not need to be less than the channel coherence time. In addition, new questions arise. What is the optimal target ISI/ICI pattern? Should we design for unit spectral efficiency? In an attempt to answer these questions, we examine the outage capacity [13] of the non-(bi)orthogonal PS-FDM system [11] for various design choices.
Notation:
We use´¡µ Ø to denote transpose,´¡µ £ conjugate, and´¡µ À conjugate transpose. Á denotes the identity matrix, and Ñ Ò denotes the element in the Ñ Ø row and Ò Ø column of , where row/column indices begin with zero. ¬ denotes the Hadamard product, ¡ expectation, AEÑ the Kronecker delta, and the set of integers. 
SYSTEM MODEL
In (1), Ò is the transmit pulse sequence, AE× is the FDM symbol interval, and AEÓ ¾ ¼ AE ½ delays the carrier origin relative to the pulse origin. The multipath channel is described by its time-variant discrete impulse response tl´Ò Ðµ, defined as the time-Ò response to an impulse applied at time Ò Ð. We assume a causal impulse response of length of AE . The signal observed by the receiver is then Plugging (3) into (4), we find
where
Equation (5) indicates that ´ µ df´ µ can be interpreted as the response, at time and subcarrier · , to a frequency-domain impulse applied at time and subcarrier . In practice we implement finite-duration causal pulses Ò and Ò of length AE and AE , respectively, implying that In the sequel we assume wide-sense stationary uncorrelated scattering (WSSUS) [12] 
PULSE DESIGN
The choice of Ò and Ò affect the ISI/ICI patterns of the MIMO system (8) . For example, it is well known that the CP-OFDM choices yield an system for which ISI and ICI vanish if the channel is LTI with delay spread AE AE · ½ . The absence of ISI/ICI greatly simplifies detection; this is the classical motivation for CP-OFDM and, more generally, (bi)orthogonal PS-FDM. When the channel is LTV or it is impractical to enforce AE AE× AE · ½ , however, no choice of Ò and Ò is capable of completely suppressing both ISI and ICI. We advocate the design of pulses which impart a particular structure on the effective channel response À´ µ . A good target ISI/ICI pattern should allow high-performance/low-complexity detection while being nearly attainable for some choice of Ò and Ò ; when the channel is significantly dispersive, a target which suppresses all ISI/ICI (e.g., [4, 7, 8] ) may not be attainable.
The lowpass nature of Doppler spectra typically encountered in wireless communication implies that ICI will be strongest from neighboring carriers. In other words, for smooth (or rectangular) pulse shapes, the "cursor" coefficient À´ ¼µ will have large entries in near the main diagonal and smaller entries elsewhere. (See [14] for an ICI analysis with CP-OFDM pulses.) With well designed pulses, the ISI coefficients À´ µ ¼ can be made small relative to the ICI response when the delay spread is less 2 than the FDM symbol length [11] . These observations motivate an ICI/ISI target in which À´ µ ¼ equal zero and À´ ¼µ has the banded structure illustrated by Fig. 1 
Max-SINR Pulses
It was shown in [11] that alternating the pair (9)-(10) jointly optimizes SINR with respect to and under the constraints ¾ 2 If the delay spread is long compared to the FDM symbol interval, block decision feedback detection may be applied, in which case the pulses should be designed to allow arbitrary post-cursor ISI. For details see [11] . ¾ AE×. We use Ú ´Å AEµ to denote the principle generalized eigenvector of the matrix pair´Å AE µ.
The matrices in (9) AE´ Õ Ô AE µ. We note that (9)- (10) must be alternated because s and t are functions of and s and t are functions of . In the case of Rayleigh fading, we note that the pulses designs depend only on maximum Doppler frequency, power profile, and noise variance. While (9)- (10) is only guaranteed to converge to a local SINR maximum, our experience leads us to believe that the global maximum is obtained from a properly chosen initialization (e.g., the Gaussian pulses discussed below). In practice, (9)- (10) could be carried out in advance for particular fading scenarios and the resulting pulses stored at the terminals.
SINR-Maximizing Gaussian Pulses
It is well known that the Gaussian pulse has the best time-frequency localization among all pulses. Thus, several authors have considered its use for PS-FDM (e.g., [8, 15] ). Adapting the Gaussian pulse to our system, we employ the SINR-maximizing parameters in the finite-length pulses (11)-(12), noting
via numerical optimization of (13) (which was derived in [11] ).
OUTAGE ANALYSIS
To predict PS-FDM performance with a practical coding scheme (i.e., finite decoding delay), we examine outage capacity. It is assumed that bits are coded across a block of Å FDM symbols and, for simplicity, that the entries in ×´ µ are circular Gaussian. As an example, consider Å ¾ , Äpre ½ , and Äpst ¾ . Equation (8) implies the block system model (14) 
NUMERICAL RESULTS AND DISCUSSION

CONCLUSIONS
The outage capacity Ó of max-SINR PS-FDM was examined, where SINR was defined according to a target pattern which allows ICI from ¾ adjacent subcarriers. Numerical results suggest that capacity is maximized for 
